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ABSTRACT
Among the classical novae, the ONe subgroup, distinguished by their large overabundance of neon, are thought to occur on the most
massive white dwarfs. Nova Mon 2012 was the first classical nova to be detected as a high energy γ-ray transient, by Fermi-LAT, before
its optical discovery. The first optical spectra obtained about 55 days after γ-ray peak, were strikingly similar to the ONe class after the
transition to the nebular (optically thin) spectrum. The current paper presents our subsequent optical and ultraviolet observations. A
time sequence of optical echelle spectra (3700-7400Å) with the Nordic Optical Telescope (NOT) began on 2012 Aug. 16, immediately
following the optical announcement, and are continuing. The nova was observed almost simultaneously with the NOT on 2012 Nov.
21, with the Space Telescope Imaging Spectrograph (STIS) aboard the Hubble Space Telescope at medium echelle resolution (1150-
3050Å) on Nov. 20, and with the CHIRON CTIO/SMARTS echelle spectrograph at medium resolution (4500-8900Å) on Nov. 22.
We use plasma diagnostics (e.g. [O III] and Hβ line flux) to constrain electron densities and temperatures, and the filling factor, for
the ejecta. Using Monte Carlo modeling, we derive the structure from comparisons to the optical and ultraviolet line profiles. We
also compare observed fluxes for Nova Mon 2012 with those predicted by photoionization modeling with Cloudy using element
abundances derived for other ONe novae, the parameters derived from the line profile modeling and multiwavelength continuum
measurements. Nova Mon 2012 is confirmed as an ONe nova first observed spectroscopically in the nebular stage. We derive an
extinction of E(B-V)=0.85±0.05 and hydrogen column density NH ≈ 5 × 1021 cm−2. The corrected continuum luminosity is nearly
the same in the entire observed energy range compared to V1974 Cyg, V382 Mon, and Nova LMC 2000 at the same epoch after
outburst. The distance, about 3.6 kpc, is quite similar to V1974 Cyg, suggesting that it would have been equally bright had it been
observed at maximum light. The same applies to the line profiles. These can be modeled using an axisymmetric conical – bipolar –
geometry for the ejecta with various inclinations of the axis to the line of sight, i, and ejecta inner radii. For Nova Mon 2012, we find
that 60 ≤ i ≤ 80 degrees, an opening angle of ≈70o, and an inner radius ∆R/R(t) ≈ 0.4 matches the permitted and intercombination
lines while the forbidden lines require a less filled structure. The filling factor is f ≈ 0.1 − 0.3, although it may be lower based on
the structures observed in the emission line profiles, implying an ejecta mass ≤ 6 × 10−5M⊙. The abundances are similar to, but not
identical to, V1974 Cyg and V382 Vel. In particular, Ne and Mg are apparently more abundant in Nova Mon 2012. The ONe novae
appear to comprise a single physical class with bipolar high mass ejecta, similarly enhanced abundances, and a common spectroscopic
evolution within a narrow range of luminosities. The spectral evolution does not require continued mass loss from the post-explosion
white dwarf. This also implies that the detected γ-ray emission is a generic phenomenon, common to all ONe novae, possibly to all
classical novae, and connected with acceleration and emission processes within the ejecta.
Key words. Stars-individual (Nova Mon 2012, V1974 Cyg, V382 Vel, Nova LMC 2000, QU Vul); physical processes; novae; nucle-
osynthesis; cosmology
⋆ Based on observations made with the NASA/ESA Hubble Space
Telescope, obtained from the data archive at the Space Telescope
Science Institute. STScI is operated by the Association of Universities
for Research in Astronomy, Inc. under NASA contract NAS 5-26555.
⋆⋆ Based on observations made with the Nordic Optical Telescope, op-
erated on the island of La Palma jointly by Denmark, Finland, Iceland,
1. Introduction
Nova Mon 2012 was the first classical nova detected at high en-
ergies (> 100 MeV) before optical discovery. It was reported
Norway, and Sweden, in the Spanish Observatorio del Roque de los
Muchachos of the Instituto de Astrofisica de Canarias.
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as a γ-ray transient Fermi-LAT source, designated J0639+0548,
on 2012 Jun. 29 (Cheung et al. 2012a) based on data from Jun.
18.0-26.4 (MJD 56096.0 - 104.4). The first optical report was
2012 August 9 by S. Fujikawa (CBET 3202) with visual mag-
nitude 9.4 and position αJ2000 = 6h39m38.s57 and δJ2000 =
+5◦53′53”.4, designated PNV J06393874+0553520. Follow-up
spectroscopic observations (Cheung et al. 2012b) confirmed that
this source was a classical nova observed after the beginning of
the nebular stage, hence considerably after the optically thick pe-
riod of maximum light. This agreed with the identification of the
γ-ray transient as the onset of the explosion. The earliest optical
low resolution spectra obtained by the ARAS group1 and high
resolution spectra obtained with the Nordic Optical Telescope
(see below) showed a striking resemblance to a similar stage in
V382 Vel (Della Valle et al. 2002), one of the brightest novae
of the 20th century and an ONe nova (see Fig. 1). This subclass
of classical novae is distinguished by a very substantial over-
abundance of oxygen, neon, and magnesium. These novae are
thought to originate via an accretion-induced thermonuclear run-
away (TNR) and deep envelope mixing on a near-Chandrasekhar
mass white dwarf (WD) (see e.g. Starrfield et al. (2008) and
Downen et al. (2012)). During the months since optical an-
nouncement, we have been carrying out a multiwavelength cam-
paign. Here report the first results of the high resolution optical
and ultraviolet spectroscopy. We also realized, during the course
of this analysis, that there is a developmental sequence and phys-
ical properties linking the four ONe novae observed in the last
20 years at high resolution from 1200-8000Å that points to their
possibly being a more unified group than previously thought,
perhaps even a standard candle.
2. Observational Data
Our principal optical data set consists of spectra taken from
2012 Aug. 16 through Nov. 21 with the 2.6 m Nordic Optical
Telescope (NOT) FIber-fed Echelle Spectrograph (FIES) with
a dispersion of 0.023 Å px−1 in high-resolution mode, cov-
ering the spectral interval 3635 - 7364 Å. The first spectrum
(Aug. 16) was not absolutely calibrated but the subsequent spec-
tra were, using HD 289002 (= Hiltner 600) as the standard
and checking the accuracy with low resolution contemporary
spectra from SMARTS.2 The CHIRON spectrum was obtained
on 2012 Aug. 22 on the 1.5 meter at CTIO with a dispersion
of 0.07Å px−1 covering the range 4500 - 8900Å. The jour-
nal of optical spectra is given in Table 1a. All NOT spectra
were reduced using IRAF, FIESTool, and IDL, the CHIRON
spectrum was reduced with IRAF.3 Associated with these, we
had a (fortuitously) simultaneous ultraviolet (UV) observation
with the Space Telescope Imaging Spectrograph (STIS) aboard
the Hubble Space Telescope. We obtained medium resolution
echelle spectra from 1150 - 3100Å. The journal of observations
is given in Table 1b. Unlike the conventional designation of
epoch for nova outbursts, note that interval will hereafter be
referred to as the number of days after the initial peak of the
γ-ray outburst on 2012 Jun. 22 (MJD 56100).
1 http://www.astrosurf.com/aras/novae/Nova2012Mon.html
2 The archive of optical spectra is available at
http://www.astro.sunysb.edu/fwalter/SMARTS/NovaAtlas/
3 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the
US National Science Foundation.
Fig. 1. Top: First NOT spectrum of Nova Mon 2012, from Aug.
16. Bottom: Late stage optical spectra from 1999 of V382 Vel
from Della Valle et al. (2002) shown for comparison. It was
based on the comparison of these three spectra with the Aug.
16 observation that the Fermi-LAT γ-ray transient was identified
with the peak of the outburst (Cheung et al. 2012a,b).
Table 1a: Journal of NOT/FIES and CHIRON observations
NOT
Date Time (UT) MJD Day texp (sec)
2012 Aug 16 05:49:40.7 56155.243 55 300
2012 Sep. 6 05:05:39.3 56176.212 76 2000
2012 Oct. 6 05:01:10.2 56206.049 106 3000
2012 Nov. 21 01:26:08.4 56252.060 152 2765
CHIRON
2012 Nov 22 06:10:00.4 56253.257 153 1800
Table 1b: Journal of HST/STIS observations
STIS 2012 Nov. 20 (GO 13120) Day 151
OBSID MJD texp (sec) Grating
oc4701010 56251.896 900 E140M
oc4701020 56251.912 310 E230M
oc4701020 56251.919 410 E230M
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Fig. 4. Comparison of the He II 1640Å (top: STIS spectrum) and
4868Å (bottom: NOT spectrum) line profiles from Nov. 20/21.
Note that the two spectral intervals were nearly simultaneous,
making this comparison possible . The He II 4686Å is severely
blended but the line accounts for the excess emission. In the bot-
tom panel, the He II 1640Å line is shown (dashed line) for com-
parison scaled by the continuum flux.
3. Line profile evolution
Since the optical data were obtained after the transition to a
nebular spectrum, the line profiles showed relatively little over-
all evolution. There were, however, several important changes.
Some were related to the expansion and others were caused by
changes in the luminosity and spectrum of the relic WD. We
briefly comment on the individual results to accompany the dis-
play of the data.4 The next section will deal with the quantitative
analyses.
3.1. Balmer, He I, and He II lines
From the first spectra, obtained on day 55, the Balmer lines
showed a consistently asymmetric profile (Fig. 2). This was
quickly recognized to be similar to other novae in the transi-
tion stage and prompted the comparison with V382 Vel 1999
– especially spectra from Della Valle et al. (2002) – that was
announced in the first report of the identification of Nova Mon
2012 with the Fermi-LAT transient (Cheung et al.2012b). The
optical spectrum was quite similar to V382 Vel between day 50
and day 90, an observation that corroborated the association of
the transient with the onset of the event to within a few days.
The subsequent changes in the Balmer profiles were compara-
tively subtle through Nov. 21, the last NOT spectrum. The main
changes were the increasing contrast between the emission fea-
ture at +1000 km s−1 and the increasing prominence of the de-
pression between -600 and 600 km s−1. The relative strength of
the +1000 km s−1 emission decreased passing from Hα to Hδ.
The profiles were more symmetric for the higher members of
the Balmer series. We suggest that the changes in the individual
peaks was due to recombination during the initial decline from
Aug. through Oct. and then re-ionization of the ejecta following
the turn-on of the X-ray supersoft source (SSS) (Nelson et al.
(2012), see sec. 4 for further discussion).
4 The optical line identifications were greatly aided by the finding list
provided as the appendix in Williams (2012).
The He I lines showed several different line profiles. The He
I 6678Å line – the only singlet transition detected in the entire
time series – was always weak and double peaked (see Fig. 10).
He I 5876Å and He I 7065Å showed a similar profile to Hα
and Hβ with the same emission peak at +1000 km s−1. Neither
profile varied substantially during the observing interval. In con-
trast, the He I 4471Å line showed a distinct, strongly asymmetric
profile that overall was more similar to the Hδ line than the other
Balmer profiles. It also varied systematically in the same way as
Hδ during the time sequence (see Fig. 3).
The He II 1640Å line was easily detected in the STIS spec-
trum from Nov. 20. Although weakly exposed, the profile resem-
bled more closely the simultaneously observed Hδ line than the
other Balmer lines, lacking the strong emission at +1000 km s−1
and having a less pronounced central depression. He II 4686Å
was never sufficiently resolved from N III 4640Å for a mean-
ingful comparison although a superposition of the 1640Å line as
a proxy line profile suffices to explain the excess emission be-
tween the N III and He I 4713Å (see fig. 4). The wing structure
was also different between the He◦ and He+ lines (see sec. 4).
3.2. Carbon, Nitrogen, Oxygen
Three ionization stages were observed for carbon. The UV res-
onance doublet C II 1334, 1335Å was weak but present, and the
C II] 2323, 2324Å doublet showed a composite profile from the
blend. The C III] 1909Å intercombination line was detected (al-
though weakly exposed) with a profile cthat was similar to other
intercombination and forbidden lines (especially [N II] 5755Å).
The C IV 1548,1550Å resonance doublet was strong and consis-
tent with two blended profiles each of which were similar to Hβ.
The interstellar C IV doublet lines were easily measured (see
sec. 4) since they were within the broader emission profile.
Four ionization stages of nitrogen were observed, although
only two were obtained in the optical time series. The lowest
ion, N+, was observable only for [N II] 5755Å (see Fig. 5).
The [N II] 6548, 6583Å lines, that are the corresponding iso-
electronic transitions to the nebular lines of [O III], were always
too severely blended in the wings of Hα to be usable; they are
likely barely visible in the Nov. 21 spectrum. The N+2-N+4 ions
were represented by N III]1750Å (present although badly under-
exposed), N III 4640Å blend (see Fig. 4), N IV] 1486Å, and N V
1238, 1242Å. We will concentrate on these few transitions since
they provide the most important probes of the ejecta properties,
but many higher excitation lines of N II and N III were present
throughout the spectrum.
Similarly, four ionization stages were observed for oxygen.
The [O I] 6300Å line, although blended with terrestrial bands,
was detected throughout the sequence with a similar profile to
[N II] 5755; in contrast, the [O I] 5577Å line was never detected.
The O I 8446.3Å line was present in the Nov. 22 CHIRON spec-
trum and is compared with the [O I] 6300Å profile in Fig. 6.
Note that individual emission features closely match between
the two profiles. The particular features to note are the asym-
metric emission peak at +680 km s−1 in both profiles and the
emission peak at -860 km s−1 that were absent on the Balmer
lines and much less pronounced on the He I profiles. In the UV,
there was a weak, broad emission feature at the O I 1302Å reso-
nance line. The persistence of the O◦ spectrum in novae has been
a continuing problem (e.g. Williams 1992) and is considered an
effect of shadowing of the central source within the ejecta. We
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Fig. 2. Gallery of Hα (first column), Hβ (second right), Hγ (third, right), and Hδ (far right) line profiles from the NOT observations.
From top to bottom: Day 55, 76, 106, and 152. Note the extreme blending between Hγ and [O III] 4363Å throughout the sequence.
In addition, the [N II] 6548, 6583Å lines were marginally visible in the wings of the Nov. 21 Hα profile The spikes are unremoved
cosmic ray hits.
postpone discussion to the next section. The [O II] 7319,7330Å
doublet was always detected with the same profile as [N II], al-
though severely bended with atmospheric bands and each other.
Although at the end of the STIS spectrum, the O III 3050Å blend
was strong during the STIS observation with a similar profile to
other permitted lines, especially He I 5876Å. The nebular [O
III] 4363, 4959,5007Å transitions were present in all spectra, al-
though the first was blended with Hγ. To obtain a comparison,
since the Balmer lines showed a similar profile, we decomposed
the blend at 4340,4363Å by subtracting a scaled Hβ profile (see
sec. 4 for discussion). The result is shown in Figs. 17 and 18 (be-
low, sec. 4.2) for the recovered [O III] 4363Å profile. The match
is almost exact with the other members of the multiplet. The UV
multiplet OII] 1663Å was clearly detected with a similar profile
to the N III 4640Å blend. The line centered at 1402Å appears
to be O IV 1401Å. Neither the Si IV nor S IV resonance lines
correspond to the profile centroid wavelength and the interstellar
Si IV 1398, 1402Å absorptions confirm that the shortward Si IV
emission was absent. A strong line at 2975.1Å appears to be O
IV 2974.42Å. The UV recombination line O V 1375Å was not
detected.
Fig. 6. Comparison of the [O I] 6300.3Å (NOT) and O I 8446.3
(CHIRON) line profiles from Nov. 21-22. See text for details.
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Fig. 3. Gallery of the He I 4471Å (left) and 5876Å (right) line profiles from the NOT spectra on Days 55, 76, 106, 152 .
3.3. Fluorine
An important new result is the identification of the [F III] 2930Å
resonance line. This feature is actually a doublet, 2930.56,
2922.64Å, that was resolved in late long wavelength high reso-
lution IUE spectra of RS Oph 1985 and we used those to confirm
the identification. A comparison is shown in Fig. 7; the narrow
emission in the RS Oph spectrum is from the ionized red gi-
ant wind (Shore et al. 1996a) and shows the resolved doublet.
The profile in Nova Mon 2012 was the same as O III] 1663Å
and other intercombination and forbidden doublets. There are no
resonance lines of this ion in the optical spectrum. The emission
line that is “missing” in the IUE spectrum is likely Ne V] 2974Å
(see also Fig. C.2). The optical resonance line F II 4789Å was
absent at all epochs. We will return to this in the next section
with respect to other ONe novae in the UV.
3.4. Neon, argon
The main motivation for the STIS observations, the strong sim-
ilarity of the optical spectra with those of ONe novae, was
confirmed by the UV spectra. Neon is present in three ioniza-
tion stages between optical and UV transitions: [Ne III] 3869,
3968Å; [Ne IV] 1602, 2423, 4714, 4725Å and Ne IV] 2974Å;
and [Ne V] 1574; the 1602Å and 1575Å lines are detected only
in the ONe novae (Fig. 5). Neither the NOT, SMARTS, nor STIS
spectra included Ne III] 3343Å. The line profiles showed the
same differences as the H I/He II transitions: the higher the ion-
ization stage, the weaker the various narrow emission features in
the profile. The optical [Ne III] line profiles resembled precisely
Fig. 7. Comparison of the [F III] 2930Å line in the STIS spec-
trum of Nova Mon 2012 (black) and the same region in the post-
outburst IUE spectrum of RS Oph 1985 (gray). See text for de-
tails.
those on the other optical forbidden lines, e.g. [N II] 5755Å and
[O III] 5007Å. The time development of the optical [Ne III] line
is shown in Fig. 8 from the NOT series. The optical neon lines,
especially [Ne V] 3426Å (missing from our spectra), have re-
cently been reported by Munari (2012).
The [Ar III] 7135Å line was probably absent before Oct. 8,
after which it was weakly detected (Fig. 8). The UV resonance
line, 3006Å, was not detected in the Nov. 20 spectrum. Other
6
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Fig. 5. Comparisons of the [Ne III], Ne IV], and [Ne V] (left column) with [N II] 5755Å, [O III] 5077Å and Hβ (righ column) from
the Nov. NOT and STIS spectra. See text for details.
optical resonance lines, e.g. [Ar IV] 4711,4740Å, and [Ar V]
6133Å, were searched for but not detected. There is a feature
at 5533Å that is might be the Ar X] 5533Å resonance line. Its
centroid wavelength is not consistent with several other possi-
ble resonance line identifications, e.g. Mn VI] 5136Å, [Cl III]
5137Å. This was present in all NOT spectra with the same pro-
file, hence an alternative identification, the excited transition N
II 5135,Å, seems more plausible given the stubborn persistence
of the line. It showed the same profile as O II 6486.46Å on the
wing of Hα.
3.5. Heavy elements
The optical Mg I lines were probably detected in the first NOT
spectrum on Aug. 16 but faded thereafter. In contrast, even
on Nov. 20 (day 151), the Mg II 2795, 2803 doublet was the
strongest feature in the near UV (Fig. C2, appendix C). The two
components were severely blended but structure at high velocity
can be discerned on their respective wings that was similar to the
high velocity features on the optical lines. Na I was not detected
in emission although, given the late time of the first optical spec-
tra, this is not unexpected. Interestingly, there was weak but de-
tectable emission from sulfur, the [S II] doublet at 6716, 6730Å,
that can be recovered by comparison with other weak profiles
(see Fig. 10). The profile, although blended with He I 6678Å on
the red, was similar to that for [Ar III] 7135Å and the [Ne III]
lines. The blend on the blue wing of Hδ is consistent with the
identification of [S II] 4077Å line but the dissimilarity of the Hδ
and other Balmer line profiles prevents the recovery of the full
profile as we did for the [O III] 4363Å line. Regarding the other
lines of any sulfur ion, only the [S III] 6312Å line may have been
present in the blend with [O I] 6300Å but was very weak and, as
previously mentioned, the 1400Å feature is not consistent with
a S IV contribution. This was an siginifantl difference with the
most extreme ONe nova, V838 Her, that displayed strong ultra-
violet and optical [S II] and S III lines (e.g. Matheson et al. 1993,
Schwarz et al. 2007) and a very high S overabundance.
3.6. The highest ionization states
The [Fe VII] 6086Å line was present only in the Nov. spectrum,
subsequent to SSS turn-on (see Fig. 11). The [Fe X] 6374Å line
appears to have been present in a complex blend that includes
O I 6364Å even before the start of the SSS phase. The other
high ionization iron line, [Fe XIV] 5303Å, may also have been
present in the last NOT spectrum.
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Fig. 8. Time series of [Ne III] 3869Å (left) and [Ar III] 7135Å (right) from the NOT spectra; from top: Day 55, 76, 106, and 152.
4. Determination of extinction and integrated fluxes
and comparison with other ONe novae
Interstellar absorption line measurements toward Nova Mon
2012 were reported by Munari et al. (2012) who, using the E(B-
V) vs. equivalent width calibration for Na I D1, D2 and K I
7699Å ( Munari & Zwitter 1997) obtained E(B-V)≈0.3. Based
on the comparison of the interstellar Na I D line profiles with
the LAB survey 21 cm profile (Kalberla et al. 2005), Cheung
et al. (2012b) reported a similar value using the corresponding
portion of the H I profile to obtain a hydrogen column density,
NH . However, the UV spectra have been determinative in ex-
tending the velocity range of the absorption features, especially
indicating that the Na I had a weak component at high (posi-
tive) radial velocity (Fig. 12), and the full 21 cm velocity range
was spanned by the atomic (and molecular) absorption features.
Thus, using the LAB profile, the line of sight column density is
NH ≈ 5×1021cm−2 and E(B-V) = 0.85. The uncertainty is about
10% for NH , and about ±0.05 for E(B-V). We used this to correct
the simultaneous optical and ultraviolet spectra for reddening,
the comparison for the two values. The region between 1800 and
2400Å was very underexposed but the result of the dereddening
with standard the value of R=AV /E(B-V)=3.1 is not consistent
with E(B-V)< 0.60. In our view, the higher extinction is clearly
favored even without taking the 2175Å feature into account, and
we base all further discussion on the higher value. For reference,
we list in table B1 the equivalent widths of the measurable in-
terstellar lines from the November NOT and STIS spectra. We
show a sample line profiles in Fig. A.1.
The immediate result of this correction is important. The
only ONe nova observed in the ultraviolet high resolution at such
a late stage was V1974 Cyg. The spectra were obtained with IUE
on day 165, a bit later (relative to peak) than Nova Mon 2012 but
after the turn-on of the SSS. The photoionization re-analysis of
this nova by Vanlandingham et al. (2005) find that E(B-V)=0.4
and the best fitting distance to all observations is about 3.6 kpc.
This is slightly higher than the reddening obtained from the early
bolometric evolution but consistent (Shore et al. 1994, Shore
2008). If we deredden the two UV spectra independently, we
obtain the result shown in Fig. 13 along with the comparison of
the optical spectra. The two spectra overlap, without further scal-
ing. Thus, it appears that the two are at the same distance with
Nova Mon 2012 being substantially more reddened (although
this is not particularly surprising given its line of sight). We note
in passing that the WISE and IRAS infrared images suggest that
Nova Mon 2012 is associated with emission that is likely an in-
tervening translucent molecular cloud.
Another consequence of the high reddening estimate here
is the resolution of the conundrum posed by Greimel et al.
(2012) in their announcement of the detection of the progen-
itor of Nova Mon 2012 in the IPHAS survey images. They
note that “If instead an optically thick accretion disk SED
is assumed, it would require a reddening of E(B-V)=0.8, the
maximum possible for this sightline, and Hα EW of 15-20Å
to be consistent with the IPHAS colours.”. We agree with the
overall statement, although at this stage of SSS emission is
difficult to distinguish an optically thick disk from that of
the continuum emission from the still very hot WD.
Proceeding to the other two novae for which late time high
resolution UV spectra are available – V382 Vel and Nova LMC
2000 – we show in Appendix C (Figs. C1 and C2) the galleries
of the four ONe novae ordered in the date of the last observation
8
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Fig. 9. Top: Hα (solid) compared to [Ne III] 3869Å (scaled by
factor of 1.5) (dash) showing the filamentary structure of the
ejecta and possible variation of the Ne/H ratio; Middle: [Ne III]
3869Å and [O III] 5007Å line profiles compared, bottom: ra-
tio of the neon and oxygen profiles. This, in cpntrast, shows the
likely uniformity of the Ne/O abundances in the ejecta. See text
for discussion.
relative to peak. It is important to note that the individual novae
develop spectroscopically at different rates, this is likely due to
differences in the ejecta masses and abundances. But the contin-
uum emission appears to be the same at the same epoch after
outburst. Significantly, we see that there are transition points in
the spectroscopic development, especially in the ultraviolet, that
serve to identify both the class and the properties of the ejecta:
(1) the disappearance of O I 1302Å and C II 1334,1335Å; (2)
the first appearance of [Ne V] 1575Å and the strength of the [Ne
IV] UV lines; (3) the first appearance in the optical of [Fe VII]
6086Å. The first feature corresponds to the stage of complete
ionization of the ejecta, the second is due to the high abundance
of neon, and the third signals the SSS turn-on. Several features
should be noted in this gallery:
– The Lyα emission line near 1216Å was far stronger in V382
Vel and Nova LMC 2000 than the other two. This is ex-
plicable assuming a substantially lower interstellar line of
sight value of NH toward these two novae, consistent with
the lower extinction. It cannot be an effect of the observing
Fig. 10. Sulfur lines in the Nov. 21 NOT spectrum. Top: [S II]
6716, 6730Å lines detected from Nov. 21 compared with the
[N II] 5755Å and He II 6678Å lines (both scaled fluxes). The
6730Å component is in the red wing of [S II] 6716 and the ab-
sorption feature is the interstellar diffuse absorption feature at
6616Å. Bottom: [S II] 4077Å blended with Hδ (solid) compared
with the scaled V1974 Cyg spectrum from 1992 Sep. 25 (dash,
see below). For this comparison the continuum was scaled by a
constant, no further corrections were applied.
epoch relative to peak since the ejecta were already suffi-
ciently transparent.
– The O I 1302Å line was present in the first two and absent in
the last two novae. We do not know precisely when the SSS
turned on in V382 Vel but it was already active by the time
of the V1974 Cyg observation (Krautter et al. 1996; Shore
et al. 1996). Furthermore, the Nova Mon 2012 observation
took place when the SSS was already on, having been first
detected several weeks before (Nelson et al. 2012), consis-
tent with the change in the [Fe VII] 6086Å— line between
the Oct. and Nov. NOT spectra).
– The [Ne V] 1575Å line was present in Nova LMC 2000,
Nova Mon 2012, and V1974 Cyg but not in V382 Vel. Again
this supports a higher ionization stage in the ejecta at the
time of the observation. The rest of the line profiles are quite
similar, especially the He II 1640Å line. The continuum was
a bit weaker (also consistent with the light curves) in the
latter two.
– The line profiles are quite similar in all four novae.
– The [F III] 2930Å line was actually detected in the V1974
Cyg long wavelength spectrum, although not noted at the
time.
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Fig. 11. Time series of the [Fe VII] 6086Å line profile from the
NOT spectra.
Fig. 12. top: Na I 5889, 5895Å from NOT spectra. Bottom: H I
21 cm profile from the LAB survey.
– Scaling the extinction corrected spectra from 1200 - 2000Å,
since it is only this interval for which there are spectra in
common, the continuum ratio scales as the distance to the
source using both V1974 Cyg and Nova LMC 2000 as the
comparison.
In summary, we propose that the ONe novae form a single
unified class, at least at a basic level. That is, perhaps, a less
“exploitable” result than its implication: these novae are from a
nearly identical progenitor WD with very similar physical prop-
erties for the explosion.
Fig. 13. Top: A comparison of Nov. 20 STIS ultraviolet spectrum
of Nova Mon 2012, E(B-V)=0.85 (solid) and V1974 Cyg SWP
45245, E(B-V)=0.36, day 165 (dash). Bottom: Comparison of
the optical spectra of Nova Mon 2012 (2012 Nov. 21, NOT;
solid) and V1974 Cyg, (1992 Sep. 25; dash), corrected for their
respective extinctions. No scaling corrections have been applied
but the NOT spectrum was binned to the resolution of the V1974
Cyg spectrum.
4.1. Modeling the structure of the ejecta
The ejecta structure indicated by the inter-comparison of the line
profiles was very highly fragmented. The narrowest confirmed
emission peaks (for now called filaments), had FWHM≈10 km
s−1 in the NOT spectra but the more prominent were a bit
broader, 30 km s−1. The strongest, broader emission features also
appear to have been ensembles of overlapping filaments. If this
is an indication of radial extent, then they individually spanned
about 1% in velocity (hence of the same order in fractional ra-
dius). There are at least twenty found in the interval from -1500
to 1500 km s−1. These may have changed in their relative in-
tensity between Aug. and Nov. but most remained discernible
from Sept. onward. The Aug. 16 spectrum was different. The fil-
aments on several of the prominent nebular lines, and Hβ, had
lower contrast but since that spectrum was not absolutely cali-
brated it is difficult to make more quantitative statements. These
narrow features were roughly symmetric around vrad = 0 km s−1
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Fig. 14. Examples of high inclination models for bipolar ejecta.
The outer angle was constant, θo=5◦ with the inner angle, here
indicated by η allowed to vary. The curves are shown for θ=20
(solid), 40 (dash), 60 (dot-dash), and 90 (double dot-double-
dash) degrees for two possible inclinations. See text for discus-
sion.
We used the Monte Carlo procedure described in Shore et al.
(2013) to model the line profiles. Since the nova was observed
when all transitions were optically thin, there was no problem
with the self-absorption that is an issue at radio wavelengths at
the same epochs. The ejecta were assumed to be either spherical
or axisymmetric spheroids (prolate or oblate). The models have
a number of parameters, not all of which are either freely set
or independent. These are the opening conical (bipolar) angles
(an inner angle θ1 ≥ 0, and an outer angle θ2 ≤ 90◦), the in-
ner radial extent, ∆R/Rmax, relative to the outer radius Rmax that
is given by the maximum velocity vmax, an inclination i to the
line of sight, and an axial ratio a for the spheroidal and conical
models (see Fig 14). The position angle in the plane of the sky
was left as a free parameter but was constrained based on the re-
ported resolved structures from radio interferometry (O’Brien et
al. 2012). A ballistic velocity law was imposed, along with the
assumption of constant ejecta mass. The exponent for the line
formation was a free parameter but in the models we discuss here
the density was assumed to vary as ρ(r) ∼ r−ne j (taking ne j=3,
constant mass for the ejecta) and a power law density depen-
dence was used for the emissivity, ρnd . In general, we assumed
nd = 2 for recombination lines. In the figures, we use the conven-
tion of designating the models with (ne j, nd, vmax, θo, θi,∆R, i, a).
Acceptable fits were obtained for a wide range of inclina-
tions, depending on the assumed values for the cone angles.
Unlike our study of T Pyx, here we have only weaker constraints.
The likely inclination is high, based on the early report of struc-
ture from centimeter wavelength interferometry. As an example
of the modeling, we show in Fig. 15 a comparison of the com-
posite set of UV and optical line profiles for a single geometry
Fig. 16. Left: Model spectrum for Balmer and permitted lines
for Nova Mon 2012 for vrad =4000 km s−1, θo =5◦, θi=60◦,
∆R/R =0.3, i=70◦. Right: pseudo-image of the ejecta corre-
sponding to the parameters used for the profile simulation (the
image is cut at 30% of the peak flux).
and two filling assumptions. The forbidden lines were assumed
to form, as in HR Del and other resolved remnants, in a more
confined cone than the permitted and recombination lines. In
both cases the maximum velocity, shell relative thickness, and
inclination were kept fixed as was the outer cone angle. The He
II 1640Å, for instance, appears to be formed in a larger volume
of the ejecta (Fig. 16) than, for example, the [N II] 5755Å line.
A further indication of the ejecta structure is provided by a
comparison of the profiles for lines of different ionization stages.
of the same element This is most easily effected using neon.
There is a systematic change in the profiles moving from the
lowest ionization, [Ne III], to highest, [Ne V]. The change can be
reproduced using a progressively greater inner angle, varying as
shown in Fig. 14. The same holds for He I and He II, and for [N
II] to N IV]. It should be noted that in late epoch infrared obser-
vations of V382 Vel with Spitzer, Helton et al. (2012) found the
same behavior for the infrared neon lines (see their Fig. 5). This
cannot be modeled with standard photoionization codes, such as
Cloudy, since they generally assume spherical symmetry. Monte
Carlo codes such as MOCASSIN (e.g. Ercole et al. 2003) are
required but can be constrained by the line profile modeling.
4.1.1. Luminosity
The integrated flux between 1200 and 7400Å dereddened with
E(B-V)=0.85 was 2.5 × 10−8 erg s−1cm−2. Thus, the lower limit
for the bolometric luminosity on Nov. 21 was > 9.8 × 103L⊙
for a distance of 3.6 kpc. This implies that, if the WD is at
the Chandrasekhar mass and the total luminosity is less than
the Eddington luminosity, the EUV and XR accounted for ≤2.3
times the measured emission from the 2012 Nov. observations.
4.2. Electron density and mass of the ejecta
For every epoch, the [O III] 4363, 4959, 5007 Å lines were
strong. The [O III] 4363Å line was, however, severely entangled
with Hγ. Using a similar procedure that was used for the TPyx
analysis outlined in Shore et al. (2012), we assumed the simi-
larity of the Balmer profiles and scaled Hβ to the dereddened
blend, subtracted it, and shifted the residual profile to the [O III]
4636Å line rest wavelength. We thus obtained the velocity de-
pendent (projected line of sight) electron density from the ratio
of the profiles (Figs. 17 and 18). The derived density depends
on the electron temperature, Te (Osterbrock & Ferland 2006).
Unfortunately, for Nova Mon 2012 we have no other simulta-
neous diagnostic, as we did in T Pyx using the [N II] isoelec-
tronic lines, to guide the choice of the temperature so we used
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Fig. 15. Comparison of model profiles with the observations from Nov. 20-21. These model comparisons show an example of the
range of possible fits.
Te = 104K. This yields ne ≈ 3× 107 cm−3 for the innermost por-
tion of the ejecta for the Nov. NOT spectrum. We note that the
ratio, and therefore the value of ne among the individual emis-
sion peaks, varies by less than a factor of three.
The measured integrated Hβ flux on Nov. 21 was 2.3×10−11
erg s−1cm−2, corrected for extinction this was 4.0×10−10 in the
same units. The Hβ luminosity was 8×1036 erg s−1 for a distance
of 3.6 kpc. Since the ejecta electron density was ne ≈ 3 × 107
cm−3 at an inner radius of 1.7×1015cm, taking Te ≈ 104K gives
a required volume of ≈ 8 × 1045cm−3; hence, the filling fac-
tor is f ≈ 0.3 using standard Balmer line recombination coeffi-
cients (Pe´quinoit et al. 1991; Osterbrock & Ferland 2006). This
is somewhat higher than the filling factor adopted for V1974 Cyg
in Vanlandingham et al. (2005). It is likely an upper limit since
the filamentation evinces an even lower value for f . Therefore,
the mass of the ejecta is Me j ≤ 2 × 10−4 f M⊙. An independent
estimate using the Cloudy models gives a similar result and the
mass is the same order as derived for V1974 Cyg and V382
Vel. The main differences between this and previous estimates
are the independent derivation of the electron density profile
in the ejecta and the late stage of the observation. It should be
noted that because the SSS was active, the recombination was
not in the expansion-dominated stage (see Shore et al. 1996,
Vanlandingham et al. 2001) so standard photoionization analysis
is still valid.
Fig. 17. Electron density [O III] diagnostic analysis for Oct.
2012 based on NOT spectra using the [O III] line ratios. Fluxes
are corrected for E(B-V)=0.85 (see discussion). Top: [O III] line
profiles: 4363Å (solid), disentangled from the blend with Hγ,
4959+5007Å (dash). Bottom: derived ne as a function of radial
velocity. For |vrad| > 2000 km s−1 the profiles are to weak for the
ratio to be meaningful.
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Fig. 19. Resulting ionization structure for the Cloudy photoionization model with parameters log L = 38.0, ne = 3.1 × 107 cm−3,
Rmin = 1.5 × 1015 cm, Rout = 6 × 1015 cm, (covering factor) = 0.8, f=0.3, Teff = 3 × 105K. The abundance set is the same as that
used for V1974 Cyg. Note, in particular, the ionization distribution for Ne and N. See text for discussion.
Fig. 18. Same as Fig. 17 for Nov. 2012, based on NOT spectra.
Top: [O III] line profiles: 4363Å (solid), disentangled from the
blend with Hγ, 4959+5007Å (dash). Bottom: derived ne as a
function of radial velocity.
4.3. Cloudy photoionization analysis
As a test of the hypothesis that we are dealing with a homoge-
neous subclass, we used the abundances derived in previously
published analyses for V1974 Cyg (Vanlandingham et al. 2005)
and V382 Vel, (Shore et al. 2003) to predict the integrated line
fluxes for the ejecta parameters we determined for Nova Mon
2012. The reader should note that these are not attempts to obtain
a photoionization model that fits the observations. It is, instead,
a way of contrasting the forward-predicted expectations with the
data. In this way we can identify the most likely abundance dif-
ferences in a quantitative manner. The abundance set (logarithm
of the number relative to H) was He=-1.00, C=-3.61, N=-2.52,
O=-2.34, F=-6.54, Ne=-2.32, Na=-5.69, Mg=-3.70, Al=-4.20,
Si=-4.75, S=-4.79, Ar=-5.40. The heavier elements were fixed
at solar values. These are similar to abundance results for several
other novae, including V351 Pup (Saizar et al. 1996) and Nova
LMC 1990 Nr. 1 (Vanlandingham et al. 1999). The source lumi-
nosity and effective temperature were estimated from reports of
the Swift fluxes and spectra (e.g. Nelson et al. ATel 4590) and
our estimate of the luminosity. The lines measured on Nov. 21
are tabulated in table 3a of appendix B along with the predicted
fluxes. We also provide the time variations for the measured in-
tegrated line fluxes of lines in common with Munari (2012) from
the NOT spectra in table 3b; the flux uncertainties, about 10%,
were dominated by the calibration. The model ionization stratifi-
cation is shown in Fig. 19. The parameters derived from the pro-
file modeling were: the inner boundary electron density, ne(Rin)
= 3.2×107 cm−3, the inner radius log Rin = 15.18,∆R/Rout = 0.5,
a cover factor of 0.8, and a filling factor ( f ) of 0.3. The source
temperature (assumed for a Planck distribution) Te f f = 300,000
K for a luminosity of 2.5×104L⊙. This model gives χ2/dof =
68.5/29, but most of the variance comes from a few poorly fit
lines, e.g. the Mg II 2800Å doublet that is probably formed in
regions shielded from the central source (Williams 1992). The
reduced χ2 was substantially larger for a higher source Teff (e.g.
for a 400 kK model, it increased by a factor of 5) but this is
used here to quantify the agreement and not as a goodness-of-
fit statistic for a full analysis that will be presented in the next
paper.
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Fig. 20. Top: HST/FOC images of the ejecta of V1974 Cyg from
days 464 (left, F274M) and 723 (right, F501M). The first im-
age was before installation of COSTAR. Bottom: sample model
ejecta – left, first epoch with parameters (3,2,10,80,0.3,35,1);
right, second (epoch with (3,2,10,60,0.5,35,1) .
4.4. Comparisons with other ONe novae: spatial structures
and line profiles
Our distance, extinction, and luminosity determined for Nova
Mon 2012 are in accord with the reported early radio interfer-
ometric structure determinations. Based on our modeling of the
profiles and the time of maximum, we would expect that the ra-
dio would have shown a separation between the components of
about 40 mas at around 80 days after outburst. This assumes
vrad,max = 4000 km s−1 and that the main contribution to the
emission from the inner radius, ∆R/R ≈ 0.3. The reported sepa-
ration at cm wavelengths was 40 mas (O’Brien et al. 2012). The
detection of separate structures also suggests a high inclination,
although the precise value has not yet been reported. As a pre-
diction, we include the synthetic image that is consistent with
our Balmer line models in Fig. 16.
As a check on the procedure, we compare the predictions
(or post-dictions) of the models for V1974 Cyg with the obser-
vations of the resolved ejecta from the HST archives (Paresce
et al. 1995, Chochol et al. 1997). These are shown in Fig. 20
and a sample of optical line profiles compared with the mod-
els is shown in Figs. 21 and 22. The first observation, obtained
about 464 days after outburst, showed a bar-like structure that
was unexplained at the time (1992 Sept.) but presumed to be an
artifact. Instead, the resolved narrow ring from around day 723
showed several, probably unresolved, emission knots and an oval
shape. Both are consistent with the expected expansion. If the in-
clination is about 40 ◦, the bar-like feature in the first image is
explicable as a projection effect of the lobate structures for an in-
ner angle of about 80◦. The second image is consistent with this
inclination provided the emission is coming from the innermost
part of the ejecta, with ∆R/R ≈ 0.2. Again, this is consistent with
the expansion rates. This is very difficult to understand for a
planar configuration but the solution for the emission lines,
axisymmetric optically thin ejecta with an inclination i from
30 to 40 degrees to the line of sight, naturally explains both
observations. The measured expansion was not linear in time
as would be expected from a naive application of a ballistic
velocity law. However, because of the interval between the
Fig. 21. Comparison of model line profile with the Hα profile
from 1992 Sep. 25 (medium resolution, Perkins 1.8m Lowell
Observatory spectrum courtesy of R. M. Wagner, see Austin et
al. (1996) for observational details. The model parameters are
indicated.
Fig. 22. Comparison of model line profile with the V1974 Cyg
[O III] 5007Å profile from 1992 Sep. 25 for parameters indi-
cated.
two epochs and the decreased emissivity of the outer ejecta,
the innermost region shifted toward the central star result-
ing in an decrease in the observed shell radius of about 40%
relative to constant velocity. Small aperture GHRS observa-
tions of one of those knots showed that the Ne/C ratio was
different than the integrated large aperture spectrum and
two velocity components for He II 1640Å resolved within this
single knot (Shore et al. 1997) and separated by about 1000
km s−1. This is inexplicable assuming the original ring ge-
ometries proposed for the ejecta. It is a natural consequence,
however, of the superposition of the oppositely directed bipo-
lar lobes along the line of sight (see Shore et al. (2013) for
further discussion).
The ejecta of V382 Vel have not yet been resolved but they
should be visible. The mass was similar to that we derive for
Nova Mon 2012 and that was previously found for V1974 Cyg
(Shore et al. 1993, 2003). The late epoch line formation was
dominated by the effects of the expansion on the recombina-
tion rate, hence the ionization and line emission should freeze
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out within several years after the ejection. The likely smaller
distance to this nova, and the similarity of its line profiles to
the other ONe novae, suggest that it, like V1974 Cyg, may have
an intermediate inclination. We further note that one other ONe
nova has spatially resolved ejecta, QU Vul (Downes & Duerbeck
2000; Gehrz et al. 2008). In this case, there is the additional con-
straint that the binary system is eclipsing. Thus the combination
of line profiles and imaging are consistent with a high inclina-
tion. We will present a more extensive analysis of the combined
line profiles and ejecta structures in a future paper.
5. Discussion: Nova Mon 2012 as a γ-ray source
We now come to the core result of this study: the four ONe novae
for which high resolution panchromatic observations are avail-
able form what appears to be a single class. Despite the lack of
previous observations of the HE γ-ray emission from the other
three, indeed also for other classical novae (with the exception
of Nova Sco 2012, see Cheung et al. 2012), we conjecture that
the emission is characteristic of the early stage of the outburst.
It is well known that novae in their early, optically thick stages
are hard X-ray sources and only after the ejecta are transparent
do they appear as supersoft X-ray emitters. A simple explanation
for the X-rays is internal shocks caused by the collision of the fil-
aments that eventually freeze out in the expansion. In the earliest
stages, this is a natural source for particle acceleration, the dif-
ferential velocities are of the same order as the velocity width of
the ejecta, i.e. several thousand km s−1. A complex ejecta struc-
ture and distribution of both abundances and ejection velocities
and times is indicated by highly structured, turbulent three di-
mensional modeling of the start of the explosion (Casanova et
al. 2011). While the available multidimensional models are still
too few and specialized to generalize, two dimensional models
have recently been proposed for ONe explosions (Glasner et al.
2012) that confirm the extension to the more energetic explo-
sions, albeit with many physical and computational limitations.
The detailed mechanism is fundamentally distinct from that re-
sponsible for the HE emission observed from V407 Cyg (Abdo et
al. 2010; Tatischeff & Hernanz 2007). That was a symbiotic-like
system in which the ejecta had to traverse the wind of the com-
panion red giant during the first week of their expansion and the
interaction with the external medium and the collision with the
surface of the very extended companion account for the proper-
ties of the source. Instead, here – and perhaps by extension in
other classical novae such as the CO class – the acceleration is
powered by a similar total available kinetic energy but is inde-
pendent of the environment.
Additional support for this scenario comes from the persis-
tent hard X-ray emission during much of the early expansion
of these novae. This, along with the possible presence of very
highly ionized species such as [Fe X] during the NOT sequence
for Nova Mon 2012, supports the contention that an ensemble
of internal shocks within the ejecta can both heat and accel-
erate ions to significant energies. Indeed, early detections of
the [Fe X] 6376Å line in many novae may be due to shock
– rather than photoionization – excitation and ionization. A
fragmented structure of the ejecta is found in virtually all no-
vae, manifested in the complexity of the resulting line profiles
when observed at high signal to noise and spectral resolution.
This supports the idea that the actual launching of the expand-
ing matter is far from coherent although the explosion occurs in
a short interval of time. It could be this fact, possibly resulting
from the inhomogeneities during the mixing of β-decaying ra-
dionuclides, that produces the low filling factors while account-
ing for the right order of magnitude in the ejected mass. In the
case of the recurrent novae, e.g. U Sco or T Pyx, the mass of
the ejecta may be insufficient to produce detectable emission for
any but the closest objects. Instead, the ONe novae, being the
most energetic of the explosions, may be detectable in γ-rays
over a larger Galactic volume even if the optical source is not
observable because of interstellar extinction. For now, we post-
pone such a quantitative analysis to a future paper.
The other basic result of our study is the ubiquity of the
signature for bipolarity (or non-sphericity) of the ejecta. This
affects the mass estimates from the line fluxes and also points
back to the site of the explosion. This is not a new observation
for individual sources, the asymmetries of the profiles have been
noted in almost every study as part of the description of the pro-
files from the time of McLaughlin (1943) and Payne-Gaposchkin
(1957). But the importance of this nearly uniform behavior has
been less widely appreciated and it will require a new approach
to the modeling of the ignition and ejection mechanism that in-
cludes the inherently three dimensional, perhaps four including
time, nature of the TNR.
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Fig. A.1. Interstellar absorption line profiles from the STIS spec-
tra, corresponding to those measured for equivalent width. Note
the broader velocity range than that covered in the Na I D lines
(see Fig. 12). All velocities are heliocentric.
Appendix A: Interstellar absorption line
measurements
Table 2. Interstellar lines in the STIS and NOT spectra
Ion Wavelengtha gf EW(mÅ) SNR
Mg II 1239.93 0.000621 50±16 3.2
Mg II 1240.40 0.000351 32± 12 3.2
Si IV 1402.77 0.255 129±36 3.6
C IV 1548.20 0.190 132±41 3.2
C IV 1550.77 0.0952 173±45 3/8
Fe II 1608.45 0.0591 201±65 3.1
Fe II 2586.65 0.00717 435±94 4.2
Mn II 2594.51 0.261 173±43 4.2
Fe II 2600.17 0.239 301±55 5.2
Mn II 2606.47 0.2 156±35 4.4
Mg II 2796.35 0.608 1054±32 30
Mg II 2803.53 0.303 990±32 30
Mg I 2852.96 1.800 336±116 3
Ca II 3933.66 0.682 403±20% (b)
Ca II 3968.47 0.330 216±10% (c)
Na I 5889.95 0.641 557±10% (b)
Na I 5895.92 0.320 428±10% (b)
Notes: (a) Wavelengths >3000Å are λair; (b) Measurements from
NOT spectrum Oct. 8; (c) Measurement from NOT spectrum
Nov. 21.
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Appendix B: Photoionization models: input
parameters, measured fluxes, and predictions
B.1. Measured fluxes
Table 3a. Measured(a) integrated line fluxes, 2012 Nov. 20-21
Identification Integrated Flux
(ion and wavelength) erg s−1cm−2
N V 1240 9.5e-13
TOT 1300 ≤4.3e-14
C II 1335 3.5e-14
TOT 1400 1.50e-12
N IV] 1486 4.71e-12
C IV 1550 1.84e-12
[Ne V] 1575 0.08e-13
[Ne IV] 1601 1.94e-12
He II 1640 1.06e-12
O III] TOT 1667 2.24e-12
N III] 1750 6.6e-12
C III] 1910 1.0e-12
O III 2320 2.87e-13





Mg II TOT 2800 4.26e-11
[F III] 2930 1.86e-12
Ne IV] 2974 2.27e-12
O III 3050 1.1e-12
[Ne III] 3869 6.79e-11
[Ne III] 3967 2.20e-11
Hδ 4101 9.11e-12
He II 4192 5.50e-15
He I 4471 1.40e-12
N III 4520 9.97e-13
Hβ 4861 2.50-11
[O III] 4959 2.28e-11
[O III] 5007 7.26e-11
[Fe VII] 5177 2.39e-12
O VI 5290 1.67e-12
He II 5411 6.81e-13
[N II] 5755 5.30e-12
He I 5875 7.42e-12
[Fe VII] 6087 2.78e-12
[O I] 6300 2.66-12
[Fe X] 6476 1.48e-12
Hα 6563 1.62e-10
He I 6678 1.57e-12
He I 7065 8.34e-12
[O II] 7319 3.19e-11
Note: (a) No extinction corrections have been applied to
these data
Fig. B.1. Variation of emission line fluxes with date after out-
burst (see sec. 2): Hα (diamond); Hβ (triangle); [Ne III] 3869Å
(plus); [N II] 5755Å (cross); He I 5876Å (square). The last date
is from Munari (2012). Fluxes are not corrected for E(B-V).
Table 3b. Time variation of integrated line fluxes (a)
Line Day 76 Day 106 Day 152 Day 198(b)
Hα 7.7E-10 3.5E-10 1.9E-10 6.7E-11
Hβ 7.8E-11 5.4E-11 2.3E-11 9.9E-12
[Ne III] 3869 8.5E-11 9.6E-11 6.4E-11 5.5E-11
[N II] 5755 1.1E-11 5.3E-12 5.1E-12 4.5E-12
[O I] 6300 6.4E-11 4.8E-11 2.1E-12 1.2E-12
[O II] 7320 3.1E-11 >1.3E-11(c) 1.1E-11 6.5E-12
He I 4471 5.8E-12 2.6E-12 1.0E-12 –
He I 5876 3.8E-11 2.2E-11 8.1E-12 2.9E-12
He I 7065 3.0E-11 1.9E-11 7.3E-12 –
He II 5411 <1E-13 1.2E-12 6.8E-13 3E-13
Notes: (a) Not corrected for reddening, units are erg s−1cm−2;
(b) Measurements for the last date are from Munari (2012, ATel
4709), the others ae from the NOT spectra (Table 1) ; (c) The
[O II] 7320Å was heavily absorbed by atmospheric lines on this
date, the value quoted is a lower limit.
B.2. Photoionization model
Table 3c. Fits of best Cloudy model to dereddend spectrum
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Ion Wavelength (Å) F(a)
obs F
(a)
model log L χ
2
TOTL 1240 7.20 13.93 36.65 3.5
C 2 1335 0.27 0.01 33.63 3.6
TOTL 1402 3.50 2.30 35.87 0.5
TOTL 1486 7.50 7.45 36.38 0.0
TOTL 1549 2.50 2.47 35.90 0.0
Ne 5 1575 0.50 0.90 35.46 2.5
Ne 4 1602 2.30 4.81 36.19 4.8
He 2 1640 1.30 5.47 36.24 41.1
TOTL 1665 2.10 0.25 34.91 3.1
TOTL 1750 6.60 0.30 34.98 3.6
TOTL 1909 1.70 0.14 34.66 3.4
O 3 2321 0.07 0.09 34.49 0.5
Ne 4 2423 0.50 0.00 0.00 4.0
Mg 2 2803 11.30 0.01 33.69 4.0
Ne 3 3869 6.20 5.59 36.25 0.0
Ne 3 3968 1.90 1.68 35.73 0.1
H 1 4102 0.68 0.28 34.96 1.4
H 1 4340 0.50 0.49 35.20 0.0
TOTL 4363 1.80 0.42 35.13 2.3
He 1 4471 0.08 0.02 33.78 2.3
H 1 4861 1.00 1.00 35.51 0.0
O 3 4959 0.83 1.21 35.59 0.9
O 3 5007 2.60 3.65 36.07 0.7
Fe 6 5177 0.08 0.09 34.45 0.1
N 2 5755 0.12 0.00 32.12 4.0
He 1 5876 0.17 0.05 34.23 1.9
Fe 7 6087 0.06 0.22 34.85 32.0
O 1 6300 0.05 0.00 27.35 4.0
H 1 6563 2.80 3.00 35.98 0.0
He 1 7065 0.12 0.05 34.16 1.6
Note: (a) Normalized to dereddened Hβ flux, 4.01 × 10−10 erg
s−1cm−2 for E(B-V)=0.85 (see sec. 4.2).
The irradiating source was assumed to be a blackbody spec-
trum for this test with the effetive temperature TBB = 3×105 K,
and luminosity of 1×1038 erg s−1. For the ejecta, the assumed pa-
rameters derived from the line profile modeling were Hydrogen
density = 3.2×107 cm−3, Inner radius = 1.5×1015 cm, Outer ra-
dius = 6.0×1015 cm, Filling factor = 0.3, and Covering factor =
0.8. The abundance set, relative to H was: He =-1.0, C = -3.61,
N = -2.52, O = -2.34, Ne = -2.32, Mg = -3.70, Fe = -4.49. The
total χ2/do f=4.2. The model was computed without iteration,
fixing the abundances to be those from the V1974 Cyg analysis
by Vanlandingham et al. (2006).
Appendix C: Comparisons of high resolution
ultraviolet spectra of the ONe novae observed at
late times: The Fabulous Four
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Fig. C.1. Short wavelength (1200-1700Å) late time spectra of ONe novae observed at high resolution with IUE and HST (GHRS
and STIS); time after maximum is noted. See sec. 4 for discussion. Note that the designation of epoch for Nova Mon 2012 in both
figures is relative to the Fermi/LAT observation and not the visual maximum.
Fig. C.2. Short wavelength (2300-3100Å) late time spectra of ONe novae observed at high resolution with IUE and HST (GHRS
and STIS); time after maximum is noted. The Mg II 2800Å doublet has been truncated to highlight the weaker lines.
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